Asymmetries in double scattering .of antiprotons of 1.6 Bev/c momentum in the 72-inch hydrogen bubble chamber have been investigated. Analysis of 200 events in which both scatterings occur in the angular region 6. 3 ~ Blab ~ 23.6° yielded a polarization P = 50~~ 3 %, at an average angle Blab = 10°. The precession of the spin polarization vector in the magnetic field of the bubble chamber between two scatterings is equivalent to depolarization, and decreases the up-down asymmetries by an amount determined by the magnetic moment of the particle. A method for determination of the magnetic moment of the antiproton, using a three-dimensionallikelihood function, is. described and applied to the above sample of events. The value of the antiproton magnetic moment was .determined to be f.L::" --L8:t:L2 p nuclear magnetons .
Introduction
There have been no direct observations of the polarization and the magnetic moment of antinucleons. An attempt to see if antiprotons are polarized upon production within the Bevatron has given an inconclusive 1 result.
Further, prior to this experiment no theory had been developed to predict antiproton polarization. 2 The magnetic moment of the antiproton was expected to be the negative of the proton magnetic moment, in accordance with the CPT theorem.
This report treats a measurement of average asymmetry of angles 6°
to 25° in the double scattering of 960-Mev (1.61-Bev/c) antiprotons in the 72-inch hydrogen bubble chamber.
* Work done under the auspices of the U.S. Atomic Energy Commission.
t Now at CERN, Geneva.
L. Agnew, Antiproton Interaction in Hydrogen and Carbon below 200 Mev
(Thesis), UCR L-8785, 1959 . .
'i 2. P. K. Srivastava, Nuovo cimento 20, 172 (1961) . This calculation was done after our data were obtained and reported in a preliminary form.
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Experimental Methpd: I. Asymmetry of Double. Scattering Within the Bubble Chamber
The expression for intensity after double scattering of spin-~ particles is well known to be (1) . where e is the asymmetry, dependent on el and e2 scattering angles,
. and I 0 {e) is the cross section for scattering of an unpolarized beam at the second target. The polarizations characterizing the first and second scatterings, P 1 and . P 2 , are related to the asymmetry by the expression the quantities P 1 and P 2 refer to the polarization that would result from the scattering of an unpolarized beam at angle e 1 and energy E 1 or at angle e 2 and energy.· E 2 . . The energy difference between first and second scatterings is assumed small enough that P 1
for the same angles of scattering; since an average is made over the same interval of scattering . angle for both targets, the first and second polarizations can be considered equal and the asyJillmetry e becomes 2 e=P.
(2)
The energy loss due to ionization between scatterings is only 20 Mev on the average, but at the maximum angle accepted in the first scatter, the outgoing antinucleon suffers a scattering loss of 170 Mev. Polarization for nucleon-nucleon scattering can be cons:i.d~red constant over ~such an energy interval at these high energies, and it was assumed that this situation would
. also obtain for antinucleon-nucleon scattering.
As can readily be seen from the distribution function, the evaluation of asymmetry e can be made for the cases in which both the first and second . where . RR, LL, RL, and LR denote right•right, left-left, rightaleft, and left-right double scattering,. respectively., However, for experiments in the bubble chamber, it is desirable for good statistics not to restrict the sample of double-scattering events to those occurring in the same plane; Eq. (3a}, then, has to be modified to take into account for each event the azimuthal angle cp between the scattering planes. It is evident from the distribution function that an evaluation similar to the above can be made for events with scattering planes which .are not parallel, but that the quantity obtained is e cos cj> ratherthan e, Thus, (3b) A more convenient method for evaluating the asymmetry (for an average 8 1 :::::8 2 ::::B) is to find the average value of cos cj> for all events.
That this is equaL to e/2 can be seen by weighting the distribution function by cos cj> and integrating over all cj>:
where N is the total number of events, It is assumed here that spin precession effects are small.
The fractional error in e as determined by this method is
The errors in e and P are of course related by the equation
....
.. and to find the value of P 2 which gives this function its maximum. This method may be used to find simultaneously the best value of the magnetic moment, also, and is discussed more completely below.
Experimental Method: II. The Magnetic Moment of the Antiproton
The formulae (3) and (4) for polarization in double scattering have been derived on the assumption that there is negligible sp;i.n precession between the first and the second scattering. However, the 72-inch bubble chamber is in a magnetic field of 17.9 kgauss, whose direction is perpendicular to that of the incident antiproton beam. After first scattering,. the spin-, _.. _. . . , . _.. I polarization vector P is parallel to the magnetic moment f.L = gS = g 2 :6. 1 , where £. 1 is the unit vector normal to the first scattering plane (see Fig, la ).
Hence, unless the first scattering is horizontal or the path length between scatterings is small, the f.L of the antiproton is subjected to a precession \.
between two scatterings, (Fig. 1 b) This is equivalent to a depolarization . 
The magnetic moment f.l has the same sign as the charge and its magnitude is given by g/2. The .6. is the deflection between the two scatterings, .6. = -(eH/2mo) t/y. We have not included another relativistic correction in Eq. (8), which comes from a precession about the direction of motion.
We have tested the effect of the inclusion of this term and proven it to be undetectable ( <4 o/o) within our statistics.
The average deflection of the antiproton momentum vector between two scatterings in our case was .6. .. function so obtained,
represents a surface in three dimensions. We seek those values for which the surface has a maximum, and so determine the polarization and the magnetic moment of the antiproton simultaneously. The method could be described as follows: we seek the value for fl which corrects the observed vertical asymmetry eUD so as to bring it to a maximum, which cannot be larger than the horizontal asymmetry eRL" 
The distribution function for second scattering then becomes
Here ~ refers to the angle by which the antiproton is Jturned (cyclotron deflection) in going from first to second scattering and <j>. is the azimuthal angle; We have not made a thorough check .on whether the initial antiproton beam was polarized. However, a simple test we made has shown that, if there is polarization, it is not large. This was done by measuring singlescattering events and forming a likelihood function of the type 1 + e cos <j>, We assumed throughout our work that the initial beam was not polarized.
Our results will have to be slightly modified if this assumption proves to be unjustified by some later experiment.
Results: I. Polarization
To obtain the polarization, the angle <j > between the two scattering planes was computed for each event by using fitted values for azimuthal and dip angles. The distribution of cos <j > is shown in Fig. 2 . The values of e cos <j > and hence P obtained from these events are shown in Fig, 3 ,
We have divided our sample:..into two groups, according to the scattering angle e. The "small-angle" results are probably subject to some bias because of inefficiency in .scanning, Results on asymmetry and polarization are given in Tables I and II .
Results: II. Magnetic Moment
An attempt was made to use iEq. (16) to obtain fl. from a sample of vertical-vertical scatterings, all of which had been selected not only to satisfy criteria on incident momentum, angles, and kinematic fitting, but also selected to give scattering-plane normals within ± 45° of the horizontal.
The total number of such events was 55, with N = 32 and N = 23. 
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Systematic Errors
In our first analysis (1960), all events were stereo plotted. Those events which were coplanar were accepted if both p and p scattering angles and momenta satisfied kinematics. This was done by using a set of graphs.
The minimum momentum cutoff used was L60 Bev/c.
In our second analysis (1961), all events were fitted by. using KICK, and slightly lower momenta ( ~ 1.57 Bev/c) were accepted. Two hypotheses were tested,. p+p-p+p and 1r"+p -7T-tp, for each scattering. The x 2 distribution . 2
for the first hypothesis was charactenzed by a broad peak between x = 1 and 5 a long tail extending to x 2 ::::50 with an average x 2 ::::60 We used these criteria: (a) than for TT-p, fit must be better in both scatterings for the p-p hypothesis 2 and (b) X max= 40. This as well as the angular and momenta criteria were built into the program, so that the events were selected auto= matically, thus avoiding biases.
We have made checks on possible biases, which would come from the preference of scanners for one side over another. This. is particularly plausible in view of the fact that tracks .bend in one direction (right) and therefore small-angle scatterings to the right would be less easily seen. It was seen that one can easily eliminate this bias by asking the scanners to note all scatterings above a small angle,. about 1°, and in the analysis use two to three times as large an angle as the lower limit, as we have done. Further, we have plotted angular distributio.ns both in projected angle (seen by the scanner) and space angles for left and right, and convinced ourselves that the shapes are equaL Similarly, distribution in azimuthal angle, dip angle, and horizontal angle were studied for left and right separately, to prove that there are no left-right biases.
There exists a "built-in" geometrical bias: the magnetic field deflects particles to the right and hence, those antiprotons scattered the first time to the right (left) after the entrance to the bubble chamber, will have shorter paths (longer) after the first scattering. Thus, the probability is that the second scattering that occurs will be lower (higher) for the events that scatter the first time to the right (left). Since we select only double-scattering events, it will result in a larger number of events that scatter the first time Our results can be interpreted as evidence for the spin of the anti= proton .and for the sign of its magnetic momenL On the basis of the CPT theorem, the magnetic moment of an antiparticle is expected to have a sign opposite to that of the corresponding particle. Our result (Table III) establishes the negative sign of the anti= proton magnetic momenL As for the spin properties of the antiproton, we had hoped to go a little further and draw more specific conclusions that just the statement that the antiproton has a spin (of 1/2). Unfortunately, this experiment has not determined the angular dependence of polarization in the region of coulomb scattering; hence, no conclusion can be drawn as to the sign of polarization. where ~ is the maximum deflection angle. Values of polarization P/ used to calculate the expected (e cos <j>) 1 2 or (P2 cos <j>) 1/2 dependence on /cos <j > J are indicated. Evidently P = 0.5 gives a good fit to the data. 
